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Abstract 
Determining the free lime (f-CaO) content in steelmaking slag is critical for road construction because f-CaO is likely to cause road expansion. Herein, 
we present a method to determine an area fraction of f-CaO from fractions of illuminated areas related to f-CaO in cathodoluminescence (CL) and X-ray 
excited optical luminescence (XEOL) images of industrial steelmaking slag, which is simpler and quicker than the commonly employed ethylene glycol 
extraction method. A heat-treatment that was quenched the industrial steelmaking slag from 1000 °C was needed to obtain intense luminescence from f-
CaO, which originated from a peak at 600 nm. Other mineral phases, such as Ca2SiO4, free magnesia, and 2CaOAl2O3SiO2, were distinguishable from 
f-CaO from their luminescent colors. When we analyzed three types of industrial steelmaking slag with different f-CaO contents, the order of the fractions 
of the illuminated areas originating from f-CaO in the CL images was consistent with that of the f-CaO content measured applying the ethylene glycol 
extraction method. The average exposure times it took the CL and XEOL images to detect the luminescence from f-CaO were 5 and 30 s, respectively. 
In particular, acquiring XEOL images is promising for on-site analysis 
Keywords : Steel slag, Quantitative-determination, Rapid identification 
1. INTRODUCTION 
In the steelmaking process, huge amounts of steelmaking slag, which is a byproduct of the conversion of carbon-rich molten iron to 
steel in basic oxygen furnaces (BOFs) and the conversion of scrap to steel electric arc furnaces (EAFs), are produced globally. Recently, 
the reuse of steelmaking slag has been aggressively tackled in the iron and steelmaking industry to realize an environmentally friendly 
society. The reuse rate of steelmaking slag is close to 100% in developed countries such as the United States, Japan, Germany, and 
France.[1-2] In these countries, almost half of the reused steelmaking slag is used in road construction, e.g., road bases, embankments, 
and asphaltic concrete.[1-6] Steelmaking slag contains free lime (f-CaO), which can cause volumetric expansion because it doubles in 
volume upon reacting with the water and carbon dioxide in the air.[7-8] Therefore, prior to its use in road construction, steelmaking slag 
is aged, i.e., exposed to air, sprayed with hot water, or steamed,[9] to accelerate the hydration and carbonation reactions of f-CaO. Various 
aging periods have been proposed, e.g., 1–18 months for exposure periods in air because the required aging period depends on the 
amount of f-CaO in the steelmaking slag.[6] If the aging is insufficient, the residual f-CaO is likely to create serious problems, such as 
road expansion and cracking.[6] As such, determining the f-CaO content in steelmaking slag before and after aging is crucial to efficiently 
and safely use steelmaking slag for road construction. 
 Several methods to determine the f-CaO content in steelmaking slag have been proposed, such as ethylene glycol extraction 
followed by the determination of calcium in the ethylene glycol via titration, atomic absorption spectrophotometry, or inductively 
coupled plasma-atomic emission spectrometry (ICP-AES),[9-11] X-ray diffraction (XRD),[12-15] and infrared spectrophotometry.[16] 
Among these methods, the ethylene glycol extraction method is the most commonly used. However, the f-CaO content determined 
applying this method also includes the Ca(OH)2 content in the steelmaking slag because both are extracted in the ethylene glycol.[15,17] 
To obtain an accurate f-CaO measure, a combined method of the ethylene glycol extraction and thermogravimetry, which can also 
determine the Ca(OH)2 content in steelmaking slag, has been proposed.[18] Extraction via ethylene glycol is a complicated and time-
consuming procedure requiring skillful techniques, e.g., controlling the particle size of the steelmaking slag and monitoring the 
temperature and extraction time.[18] Therefore, a simple method to rapidly determine the f-CaO content in steelmaking slag would 
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contribute to the reduction of the time needed to analyze and master the techniques. 
 We have recently demonstrated that cathodoluminescence (CL) analysis can rapidly and simply identify f-CaO in 
steelmaking slag samples synthesized from reagents.[19] A CL analysis involves obtaining images and spectra based on the phenomenon 
of light emission by electron bombardment. In this method, f-CaO emits intense orange luminescence related to manganese (II) ions 
(Mn2+), which are dissolved into the f-CaO, in the CL images of the synthesized steelmaking slag samples, whereas the other mineral 
phases, e.g., 3CaOSiO2, 2CaOSiO2, 2CaOFe2O3, and wüstite (FeO dissolving MnO), do not exhibit such intense luminescence. Based 
on these results, we have considered that f-CaO in industrial steelmaking slag can be quantitatively analyzed by evaluating its related 
illuminated areas in CL images. The purpose of this study is to suggest a novel practical CL imaging method to rapidly determine the 
area fraction of f-CaO in industrial steelmaking slag. To establish this method, we obtain and investigate the CL images and spectra of 
several mineral phases in industrial steelmaking slag samples to distinguish f-CaO from other minerals. Following this, we use X-ray 
excited optical luminescence (XEOL), which is used to obtain images and spectra based on the phenomenon of light emission by X-
ray irradiation, for its application to on-site determination of the area fraction of f-CaO in steelmaking slag because XEOL can be 
performed in the air. 
 
2. EXPERIMENTAL 
A CL analysis was conducted for industrial BOF and EAF slag samples by-produced in practical operations in Nippon Steel Corp. and 
JFE Steel Corp; none of the samples had been aged. The basicity (CaO/SiO2 ratio) and f-CaO content of the industrial slag samples are 
listed in Table I. Concentrations of other components, such as CaO, SiO2, Al2O3, MgO, MnO, P2O5, S, and total Fe, in the slag samples 
were similar to those of typical BOF and EAF slags.[9,20] To determine the component concentrations for each slag sample via ICP-AES, 
dozens of slag lumps whose total weight were approximately 50 g were crushed together into powders and tens of grams of the powders 
were used for the determination. Each batch of the industrial slag samples (slags A, B, and C) for CL measurement consisted of several 
pieces of slag weighting approximately 5 g. Prior to the CL measurement, the surface of the slag samples was polished using 600-, 
1200-, and 2400-grid abrasive papers and finished using a 1-μm diamond slurry. 
 
Table I. Basicity and f-CaO content (in mass%) of the industrial BOF and EAF slag samples used in this study. 
Slag batch name Type Basicity f-CaO* 
Slag A BOF 3.41 3.33 
Slag B BOF 3.27 2.99 
Slag C EAF (oxidizing) 2.15 0.49 
*The f-CaO content was determined applying the ethylene glycol extraction method using ICP-AES. 
 
The CL images and spectra of the slag samples were obtained using a custom scanning electron microscope CL (SEM-CL) system. 
Details regarding the SEM and acquisition of the CL images and spectra have been reported in our previous papers.[19,21-32] Briefly, the 
CL images were captured through a quartz viewport attached to a SEM (Mighty-8DXL, TECHNEX, Tokyo, Japan) via a digital 
mirrorless camera (α7RII, Sony Corp., Tokyo, Japan) equipped with a zoom lens (LZH-10A-05T, Seimitu Wave Inc., Kyoto, Japan). 
The detectable wavelength range of the camera was from 420 to 680 nm. The CL spectra of the slag samples were obtained using a 
spectrometer (QE65Pro, Ocean Optics Inc., Largo, Florida, USA). The light emitted from the slag samples was collimated using an off-
axis parabolic mirror with a 0.5-mm hole at the center. Then, the collimated light was collected using a plano-convex lens attached to 
the tip of an optical fiber. The acceleration voltage of the SEM was set to 17 kV because we cannot change the voltage owing to the use 
of a permanent magnet for the condenser lens. We also conducted surface observations and elemental analyses of the slag samples using 
a SEM (TM3030 Plus, Hitachi High-Technologies Co., Tokyo, Japan) equipped with a silicon drift energy dispersive X-ray (EDX) 
detector (Quantax70, Bruker Corp., Billerica, Massachusetts, USA).  
The XEOL image of the slag samples was captured using a custom setup comprising an X-ray tube with a rhodium target (TUB00050-
RH2, Moxtek Inc., Orem, Utah, U.S.A.), and a digital mirrorless camera equipped with the same zoom lens used to obtain the CL 




3. RESULTS AND DISCUSSION 
A. Determination of area fraction of f-CaO in BOF slag 
Previous studies have reported that CaO reveals a CL peak at around 600 nm and orange luminescence in its CL images owing to Mn2+ 
that dissolved into CaO.[19,34] The CL peak and orange luminescence can be detected when the concentration of Mn in CaO is more than 
a few ppm.[35] In the present study, we attempted to determine the area fraction of f-CaO in industrial steelmaking slag from illuminated 
areas in CL images originating from f-CaO. Slag A contained mineral phases of β-belite (β-2CaOSiO2), wüstite (FeO dissolving MgO 
and MnO), brownmillerite (Ca2(Al,Fe)2O5), and f-CaO, which were confirmed via XRD, as presented in Fig. 1. The XRD peaks of 
CaO (37.84° and 54.54°) were shifted to higher angles than the reported peak positions of CaO owing to the dissolution of FeO and 
MnO into CaO. Figure 2(a) shows the SEM image of slag A; the corresponding EDX elemental mappings of Mg, Al, Si, P, Ca, Mn, 
and Fe are shown in Figs. 2(c), (d), (e), (f), (g), (h), and (i), respectively. Areas with high intensity of Ca Kα lines (Fig. 2(g)), such as 
areas 1 and 2 in Fig. 2(a), corresponded to f-CaO because their compositions (shown in Table II) were close to that of f-CaO dissolving 
FeO and MnO in previous reports.[36-38] Although we previously reported that f-CaO in steelmaking slag samples synthesized from 
reagents emits orange luminescence in CL images,[19] in this study, the areas that comprised f-CaO did not emit luminescence in slag A, 
as shown in Fig. 2(b). When slag A was heated at 600 °C, i.e., above the dehydration temperature of Ca(OH)2 (approximately 450 °C[39]), 
for 10 min in air, the corresponding areas of f-CaO did not emit luminescence, as shown in supplementary Fig. S-1 (refer to electronic 
supplementary material). This indicated that a Ca(OH)2 layer did not form on f-CaO in slag A. Moreover, the formation of CaCO3 on f-
CaO was also unconfirmed from the CL image of slag A (Fig. 2(b)) because CaCO3 normally emits intense orange luminescence 
attributed to a CL peak at 620 nm.[19,34]  However, blue-violet luminescence with low intensities was detected (Fig. 2(b)). All 
illuminated areas, such as areas 3 and 4 in Fig. 2(a), were confirmed to be 2CaOSiO2 via EDX point analysis (Table II). Figure 2(f) 
shows that the illuminated areas contained phosphorous, revealing that the areas comprised 2CaOSiO2 because phosphorous dissolves 
into 2CaOSiO2 as a 2CaOSiO2–3CaOP2O5 solid solution in BOF slag.[40-42] The CL spectrum of the 2CaOSiO2 (area 3) is shown in 
Fig. 3(a), wherein peaks were detected at 460 and 545 nm. The peak wavelengths were shorter than those of the 2CaOSiO2 we 
previously reported on (at 590 and 720 nm)[27] because the dissolution of phosphorous into the 2CaOSiO2 resulted in a shift of the peak 
positions to shorter wavelengths in the previous study.[43] We could speculate from Table II that the different luminescence colors of the 
2CaOSiO2 between areas 3 and 4 may have been caused by the different phosphorous concentrations in the 2CaOSiO2. Areas with 
high intensity of Fe Kα lines (Fig. 2(i)), such as areas 5 and 6, and high intensity of Al Kα lines (Fig. 2(d)), such as area 7, were confirmed 
to be wüstite and Ca2(Al,Fe)2O5, respectively, via EDX point analysis. No CL colors were detected in the areas comprising wüstite or 
Ca2(Al,Fe)2O5. 
 




Fig. 2–(a) SEM (backscattered electron) image, (b) CL image, and EDX elemental mappings of (c) Mg, (d) Al, (e) Si, (f) P, (g) Ca, (h) 
Mn, and (i) Fe for slag A. The exposure time of the CL image was 100 s. (color) 
 
Table II. Chemical compositions (in mol%) of areas 1 to 15 in Figs. 2(a), 3(a), 6(a), 7(a), 8(a), and 9 measured via EDX and their 
phases determined by EDX and XRD. 
Area Mg Al Si P Ca Mn Fe 
Phases determined by EDX and 
XRD 
1 4 <1 <1 <1 76 7 13 f-CaO 
2 2 <1 <1 <1 79 7 12 f-CaO 
3 1 1 25 3 68 <1 1 2CaOSiO2 
4 1 1 26 5 64 1 2 2CaOSiO2 
5 32 <1 <1 <1 4 12 52 Wüstite (FeO-MgO-MnO) 
6 33 <1 <1 <1   4 11 51 Wüstite (FeO-MgO-MnO) 
7 1 27 1 <1 53 1 16 Ca2(Al,Fe)2O5 
8 3 1 <1 <1 73 7 15 f-CaO 
9 <1 1 26 2 70 <1 1 2CaOSiO2* 
11 2 33 22 1 40 <1 2 2CaOAl2O3SiO2* 
13 1   1 31 2 64 <1 1 2CaOSiO2* 
15 2 <1 <1 <1 80 3 15 f-CaO 
16 3 <1 <1 <1 79 3 15 f-CaO 





Fig. 3–CL spectra of (a) near area 4 (Fig. 2(a)) and (b) near area 8 (Fig. 4(a)). The acquisition times of the CL spectra for (a) and (b) 
were 100 and 10 s, respectively. 
 
No clear luminescence from f-CaO was observed in the as-received industrial steelmaking slag samples. A previous study reported that 
luminescence from MgO, whose crystal structure is the same as that of CaO, is enhanced by heating and that the effect of the 
enhancement is promoted by increasing the heating temperature.[44] In preliminary experiments of our previous study,[19] we also 
experienced that CL intensity of f-CaO in steelmaking slag samples synthesized from reagents quenched from 1500 °C was higher than 
that quenched from 1300 °C, which might be related to the higher defect concentration in f-CaO at 1500 °C compared to that at 1300 °C. 
Based on these reports, when we placed slag A in a box furnace that had been already heated at 1000 °C in air, hold the slag for 3 min 
in the furnace, and then quenched to room temperature by taking the slag from the furnace and argon gas blowing on the slag, intense 
orange luminescence was observed in the CL image, as shown in Fig. 4(a). We selected the heat-treatment temperature of 1000 °C in 
the following reasons: (i) intense orange luminescence was not detected from f-CaO when the heat-treatment temperature was below 
1000 °C and (ii) to prevent reactions among mineral phases in the slag during the heat-treatment. Most areas that emitted orange 
luminescence corresponded to f-CaO, which exhibited high intensity of Ca Kα lines in Fig 4(g). The illuminated area showed a CL peak 
at 600 nm (Fig. 3(b)), which agreed well with previously reported CL spectra of CaO and originated from Mn2+ substituting octahedrally 
coordinated calcium (II) ions (Ca2+).[19,34] Orange luminescence was also observed along the grain-boundaries of wüstite, e.g., from area 
A to E in Fig. 4(a), due to f-CaO. Previous studies have reported that f-CaO precipitates along the grain-boundaries of wüstite in BOF 
slag.[37,45] Here, it was inferred that the amount of f-CaO precipitated along the grain-boundaries of the wüstite may have been small, 
since the grain-boundaries of the wüstite did not exhibit high intensity of Ca Kα lines (Figs. 2(g) and 4(g)). This could cause an 
overestimation of f-CaO amount. Luminescence related to 2CaOSiO2, which exhibited blue-violet luminescence before slag A was 
heated at 1000 °C, was not detected in the CL image in Fig. 4(a) because the CL intensities of f-CaO were over 50 times higher than 
those of the 2CaOSiO2 (Fig. 3). A comparison of Figs. 2 and 4 revealed that the microstructure of slag A remained unchanged by the 
heat-treatment because its elemental distributions were unchanged, indicating that the amount of f-CaO did not change because slag A 
did not include Ca(OH)2. The reason why the f-CaO in slag A became excited enough to yield intense orange luminescence upon the 
heat-treatment was unclear. However, concerning the SEM-EDX analysis, there was no large difference in the concentrations of Mn in 
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f-CaO (the origin of the orange luminescence) before and after the heat-treatment, as shown in Table II (areas 1 and 8). Future work will 
be conducted to reveal the reason behind the f-CaO emission via an atomic scale analysis, such as transmission electron microscopy. 
 
Fig. 4–(a) CL image, (b) SEM (backscattered electron) image, and EDX elemental mappings of (c) Mg, (d) Al, (e) Si, (f) P, (g) Ca, (h) 
Mn, and (i) Fe for slag A that was heated at 1000 °C for 3 min in air and quenched to room temperature. The area in this figure is the 
same as that in Fig. 2. The exposure time of the CL image was 10 s. (color) 
 
We determined the area fraction of f-CaO in slag A from a fraction of the areas that emitted orange luminescence in the CL images of 
slag A that was heated at 1000 °C for 3 min in air and quenched to room temperature. We assumed that Ca(OH)2 was not contained in 
slag A because none of the supplied slag samples had been aged and diffraction peaks related to Ca(OH)2 were not detected via XRD 
(Fig. 1). In addition, we used slag samples that minimally contained Ca(OH)2 for the measurements by cutting and polishing their 
surfaces. Five specimens in the batch of slag A were used for the measurements, and CL images were captured in at least five areas of 
each specimen. A typical CL image of slag A is shown in Fig. 5(a). The average fraction of areas that emitted orange luminescence in 
slag A was evaluated as 9.8% (Table III). We considered that the fraction of the evaluated areas were unaffected by the thickness of f-
CaO because the detection depth of the CL analysis was a few micrometers at the accelerating voltage of 17 keV.[46] The f-CaO in slag 
B also emitted intense orange luminescence when the sample was heated at 1000 °C for 3 min and quenched, as shown in Fig. 5(b). 
The average fraction of areas that emitted orange luminescence in slag B was evaluated as 7.1% (Table III) by the same method as slag 




Fig. 5–Typical CL images of (a) slag A and (b) slag B that were heated at 1000 C for 3 min in air and quenched. The exposure times of 
the CL images of (a) and (b) were 2 and 3.2 s, respectively. (color) 
 
Table III. Fraction of illuminated areas related to f-CaO and f-CaO content measured applying the ethylene glycol extraction 
method in slags A, B, and C.  
 Fraction of illuminated areas 
related to f-CaO (%) 
f-CaO content measured by ethylene 
glycol extraction method (mass%) 
Slag A 9.8 ± 2.7 3.33 
Slag B 7.1 ± 2.3 2.99 
Slag C 0.9 ± 0.3 0.49 
 
Our results provide a novel method to estimate approximate area fraction of f-CaO in industrial BOF slag by analyzing CL images more 
rapidly. However, to obtain more accurate f-CaO content measures in industrial BOF slag from CL images, it is crucial to investigate in 
detail the relationship between the contents and orange illuminated areas of f-CaO precipitating along the grain-boundaries of wüstite. 
 
B. Determination of area fraction of f-CaO in EAF slag 
We investigated the CL images and spectra of slag C to measure the area fraction of f-CaO in the industrial EAF slag sample. Orange 
and blue-violet luminescence were observed in a CL image of slag C after it had been heated at 1000 °C for 3 min in air and quenched, 
as shown in Fig. 6(a). These luminescent colors were similar to those observed in the BOF slag samples, which exhibited orange 
luminescence related to f-CaO and blue-violet luminescence related to 2CaOSiO2. The areas that emitted blue-violet luminescence, 
such as area 9 in Fig. 6(a), were confirmed to be 2CaOSiO2 via EDX analysis (Table II). The CL spectrum of area 9 agreed with that 
of area 4 in Fig. 2(a), as shown in Fig. 6(d), which indicated that the blue-violet illuminated areas here also comprised 2CaOSiO2. The 
areas that emitted orange luminescence did not correspond to the high intensity of Ca Kα line as shown in Fig. 6(c). However, the CL 
spectrum near the orange illuminated areas showed a peak at 600 nm, agreeing with that of f-CaO, and small peaks at 460 and 540 nm, 
agreeing with those of 2CaOSiO2 (area 9) (Fig. 6(d)). This indicated that f-CaO existed in the orange illuminated areas. We also detected 
red luminescence (e.g., area 11) and yellow luminescence (e.g., area 12) in another CL image of slag C, as shown in Fig. 7(a). The areas 
emitting this red luminescence were confirmed to be 2CaOAl2O3SiO2 via EDX analysis (Table II) and a reported pseudo-ternary phase 
diagram of Al2O3-CaO-SiO2 system.[47] Peaks at 410 and 615 nm were detected in the CL spectrum of the 2CaOAl2O3SiO2 areas (Fig. 
7(c)). However, we could not assign these peaks because no reports appeared to be available to index them. The CL spectrum near an 
area that emitted yellow luminescence (area 12) (Fig. 7(c)) consisted of the CL spectra of 2CaOAl2O3SiO2 and f-CaO, which revealed 
a peak at 600 nm, as the tail of that peak towards shorter wavelengths exhibited higher CL intensity than that of 2CaOAl2O3SiO2. 
Therefore, it was speculated that f-CaO also existed in the areas emitting yellow luminescence. Additionally, in a different area of slag 
C, blue-violet luminescence (e.g., area 13) and pale red luminescence (e.g., area 14) were detected in the CL image, as shown in Fig. 
8(a). The CL spectrum of the areas emitting blue-violet luminescence (Fig. 8(c)) was consistent with that of the 2CaOSiO2 shown in 
Figs. 3(a) and 6(d) and confirmed to be 2CaOSiO2 via EDX analysis (Table II). The CL spectrum of the areas emitting pale red 
luminescence was almost the same as that of 2CaOSiO2, except for a peak at 755 nm, as shown in Fig. 8(c). However, the peak at 755 
nm was in good agreement with a CL peak of free magnesia (f-MgO).[27,30,48-50] The detection of f-MgO was expected because industrial 
steelmaking slag includes a few mass% of f-MgO.[9,17,38,51] Therefore, f-MgO existed in the areas that emitted pale red luminescence, 
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whereas f-CaO did not. The CL colors and peaks of the mineral phases detected in the present study are summarized in Table IV. 
 
Fig. 6–(a) CL image, (b) SEM (backscattered electron) image, and (c) EDX elemental mapping of Ca for slag C that was heated at 
1000 °C for 3 min in air and quenched. The exposure time of the CL image was 2 s. (d) CL spectra of areas 9 and 10 in (a). The 
measurement time of the CL spectra was 10 s. (color) 
 
Fig. 7–(a) CL image, (b) SEM (backscattered electron) image of slag C that was heated at 1000 °C for 3 min in air and quenched. The 
exposure time of the CL image was 30 s. (C) CL spectra of areas 11 and 12 in (a). The measurement time of the CL spectra was 30 s. 
(color) 
 
Fig. 8–(a) CL image, (b) SEM (backscattered electron) image of slag C that was heated at 1000 °C for 3 min in air and quenched. The 





Table IV. CL color and CL peak wavelength for mineral phases detected in the present study. 
Color Wavelength (nm) Mineral phase 
Orange 600 Free lime (f-CaO) 
Blue-violet 460, 545 2CaOSiO2 
Red 410, 615 2CaOAl2O3SiO2 
Yellow 410, 600, 615 f-CaO and 2CaOAl2O3SiO2 
Pale red 460, 545, 755 2CaOSiO2 and free magnesia (f-MgO) 
–* – wüstite  
– – Ca2(Al,Fe)2O5 
* – means not detected. 
 We confirmed that the areas in slag C emitting orange and yellow luminescence included f-CaO by investigating the 
sample’s CL images and spectra. Subsequently, the area fraction of f-CaO in slag C was determined from the fractions of these areas in 
the same way as the BOF slag samples. Five specimens in the batch of slag C were used for the measurements, and CL images were 
captured in at least six areas of each slag. Typical CL images of slag C are shown in supplementary Fig. S-2 (refer to electronic 
supplementary material). Both the fractions of the illuminated areas and f-CaO contents decreased in the order of slags A, B, and C 
(Table III). Thus, the area fractions of f-CaO in industrial BOF and EAF slag can be roughly obtained by evaluating a fraction of the 
illuminated areas in CL images originating from f-CaO. 
 
C. Determination of area fraction of f-CaO in steelmaking slag from XEOL image 
 In this study, we established a method to determine the area fraction of f-CaO in industrial steelmaking (BOF and EAF) slag 
by capturing CL images. Acquiring XEOL images would enable on-site determination of the area fraction of f-CaO because the XEOL 
method can be performed in the air in contrast with the CL method’s requirement for a vacuum condition. We captured an XEOL image 
of slag A after the specimen was heated at 1000 °C for 3 min and quenched to room temperature, as shown in Fig. 9(a). The areas that 
emitted orange luminescence were confirmed to be f-CaO via EDX analysis (Table II). The XEOL image was clear and bright enough 
to determine the area fraction of f-CaO in slag A, when the exposure time of the XEOL image was 30 s, i.e., approximately 15 times 
longer than that of CL image. This result indicated that XEOL images can be obtained for on-site analyses of the area fraction of f-CaO 
in industrial steelmaking slag. 
 
Fig. 9–XEOL image of slag A that was heated at 1000 °C for 3 min in air and quenched to room temperature. The exposure time of the 
XEOL image was 30 s. (color) 
 
In the present study, we analyzed the industrial steelmaking slag whose Ca(OH)2 and CaCO3 contents were low. When the steelmaking 
slag contained CaCO3, we could identify luminescence related to CaCO3 by capturing CL images of the steelmaking slag prior to the 
heat-treatment at 1000 °C because CaCO3 precipitated after the aging of steelmaking slag emits intense luminescence at CL peak of 620 
nm, as demonstrated in our previous study.[19] However, the area fraction of f-CaO may be difficult to determine from the CL images of 
steelmaking slag that includes Ca(OH)2 because luminescence intensity related to Ca(OH)2 is low and the Ca(OH)2 may be dehydrated 
to CaO by the heat-treatment at 1000 °C. However, speciation between f-CaO and Ca(OH)2 is rarely conducted even by chemical 
analysis using the ethylene glycol extraction method. Future work should focus on distinguishing f-CaO from Ca(OH)2 in CL images 
by investigating the CL spectrum and color of Ca(OH)2, heat-treatment conditions required to obtain intense f-CaO emissions for 
industrial steelmaking slag (heating temperatures, holding times, etc.), and morphologies of Ca(OH)2 precipitated from steelmaking 
slag. Nevertheless, the method we presented here is promising for the determination of f-CaO in steelmaking slag because of its 





We have proposed a simple practical method to roughly determine the area fraction of f-CaO in industrial steelmaking (BOF and EAF) 
slag from a fraction of illuminated areas originating from f-CaO in CL and XEOL images. The f-CaO in the slag emitted intense 
luminescence at a peak of 600 nm in the images when heated at 1000 °C in air and then quenched to room temperature. This heat-
treatment was essential to obtain the luminescence related to the f-CaO in slag by-produced in the practical steelmaking process. The 
area fractions of the f-CaO evaluated from the CL images roughly followed the f-CaO contents determined by chemical analysis 
applying the ethylene glycol extraction method; the order of the f-CaO contents in the three steelmaking slag samples studied was 
consistent with that of the area fractions of the f-CaO in the CL images. Thus, acquiring CL and XEOL images are a simple yet powerful 
method to appropriately determine the area fraction of f-CaO in industrial steelmaking slag. In particular, the acquisition of XEOL 
images is promising for practical analyses because it is applicable for on-site analyses. To improve the accuracy of f-CaO content 
determined via this method, a relationship between the contents and illuminated areas of f-CaO precipitated along the grain-boundary 
of wüstite must be further investigated. Future work will apply this method in determining f-CaO content in industrial steelmaking slag 
including Ca(OH)2. Thus, for the practical application of this method, precise evaluation of f-CaO precipitated along the grain-boundary 
of wüstite and distinguishing between f-CaO and Ca(OH)2 are required.  
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Fig. S-1 CL, SEM images, and EDX elemental mappings of Ca of slag A that was heated at 600 °C for 10 min and quenched to room 







Fig. S-2 Typical CL images of slag C that was heated at 600 °C for 10 min and quenched to room temperature. The 
exposure time for the CL images were 10 s. 
 
